Midgut of lepidopteran larvae is a multifunctional tissue, which performs roles in digestion, 32 absorption, immunity; transmission of pathogens and interaction with ingested various 33 molecules. The proteins localized at the inner apical brush border membrane are primarily 34 digestive proteases but some of them like aminopeptidase N, alkaline phosphatase, cadherins, 35 ABC transporter C2 etc. interact with Crystal (Cry) toxins produced by Bacillus thuringiensis 36 (Bt). In the present study aminopeptidase N (APN) was characterized as Cry toxin interacting 37 protein in larval midgut of castor semilooper, Achaea janata. Transcriptomic and proteomic 38 analyses revealed the presence of multiple isoforms of APNs (APN1, 2, 4, 6 and 9) which 39 have less than 40% sequence similarity but show the presence of characteristic "GAMENEG" 40 and zinc-binding motifs. Feeding of sublethal dose of Cry toxin caused differential 41 expression of various APN isoform. Further, 6 th generation Cry toxin exposed larvae showed 42 reduced expression of APN2. This report suggests that A. janata larvae exploit altered 43 expression of APNs to overcome the deleterious effects of Cry toxicity, which might 44 facilitate toxin tolerance in long run. 45 46 47 93 2019).
altered expression.
48
Introduction buffer [5% (w/v) skimmed milk powder in 0.01 M Tris buffer saline (TBS, pH 7.4)] for 1 h, 165 followed by incubation in 5 ml of blocking buffer containing of activated DOR Bt-1 or 166 Cry1Ac toxin (1µg/ml) for 1 h at room temperature. Following this blot was individually 167 incubated with polyclonal primary antibody generated against DOR Bt-1 toxins or anti-Cry 168 1Ac toxin antibody (1:500 dilution; both raised in mice) for overnight. It was then incubated 169 with anti-mouse HRP conjugated secondary antibody (Thermo Fisher Scientific, USA) . 170 Finally, blot was developed using chemiluminescence kit (Takara Bio Inc, Japan). 171 172 APN and Cry toxin(s) interaction analysis 173 For this midgut was fixed in Bouin's fixative (saturated picric acid: formaldehyde: glacial 174 acetic acid; 15:5:1), processed and embedded in paraplast (Sigma-Aldrich, USA). The 175 transverse sections (~5 µm) were prepared using a rotary microtome (Leica Microsystems, 176 Germany). The slides were deparaffinised using xylene and hydrated through decreasing 177 ethanol series. For immunostaining, sections were washed with PBS followed by PBST, then 178 blocked using 10% goat serum (Thermo Fisher Scientific, USA). 1 µg/ml of Cry toxin 179 (Cry1Ac or DOR Bt-1) was added on to the slides and incubated for 2 h at room temperature. 180 Primary polyclonal antibody used was generated against conserved aminopeptidase N 181 sequence (1:500 dilution; raised in rabbit) and anti-Cry toxin(s) antibody (1:500 dilution; 182 generated in mice) were added and the slides were incubated overnight at 4℃. The slides 183 were further washed with PBS solution to remove unbound primary antibodies then 184 respective secondary antibody (anti-rabbit goat IgG-FITC conjugated (green) and anti-mice 185 goat IgG-TRITC (red)) were added to the sections and incubated at RT for 2 h. The excess of 186 antibody was washed with PBST and the slides were mounted using gold antifade mountant 187 (Thermo Fisher Scientific, USA) for prolonged storage. The sections were visualized under 188 fluorescence microscope. (Leica Microsystems, Germany) . 189 190 Generation of toxin exposed insect population 191 DOR Bt-1 formulations (based on a local strain of B. thuringiensis) obtained from Indian 192 Institute of Oilseeds Research, Hyderabad which has potential insecticidal toxicity towards 193 larval forms of A. janata. The advantage of this stain is it has both cry1 (cry 1Aa, cry 1Ab and 194 cry 1Ac) and cry2 (cry 2a, and cry 2b) genes (Reddy et al., 2012) . The LC50 reported for this 195 formulation for 3 rd instar larvae is 247.52 µg/ml (Vimaladevi et al., 2006) . For the present 196 study sub-lethal dosage of formulations used was 0.170 μg/cm 2 (Chauhan et al., 2017) . Fresh 197 castor leaves were coated with it and 3 rd instar larvae were released. The insect midgut 198 samples from susceptible larvae were collected at every 12 h time interval of continuous 199 toxin exposure. For a generation of toxin exposed insect population, the 3 rd instar larvae 200 were exposed for 3 days on sub-lethal toxin coated leaves, followed by their transfer on 201 normal leaves for the recovery (3 days). Once again the larvae were exposed to toxin coated 202 leaves for 3 days. Finally, they were maintained on normal leaves to complete their life cycle.
203
The surviving insects were maintained for the next generation. At each generation, the 204 required tissue samples were collected from 3 rd instar larvae (prior to toxin exposure) and 205 experiments were carried out. Using the above protocol toxin exposed population was 206 generated and present analysis was carried out up to the sixth generation. The midgut tissue dissected out from continuous toxin-exposed susceptible and toxin exposed 210 insects for 6 generations (n=5) were processed for RNA isolation using TRI reagent TM 211 (Sigma Aldrich, USA) following the manufacturer's instructions. Quantity and quality of 212 isolated RNA were checked using Nanodrop 1000 (Thermo Scientific, USA) and integrity of 213 RNA was assessed by performing denaturing electrophoresis on a 1% formaldehyde agarose 214 gel (Green and Sambrook, 2012). First strand cDNA synthesis was carried out according to 215 manufacturer's protocol (Invitrogen, Life Technologies, USA) by taking the 1µg of total 216 RNA.
218
Cloning, characterization and expression analysis of APN isoforms 219 As the genomic sequence of A. janata is not available in database hence an attempt was made 220 to carry out next generation RNA sequencing (denovo transcriptome analysis) of larval 221 midgut (Sequence Read Archive (SRA) No. SRR7212215)). Based on the homology search 222 in NCBI database, five different isoforms of APNs were identified. Using standard protocol, 223 full length sequences of the various isoforms were cloned using ORF-specific primers ( Table   224 1). Detailed in silico analysis of these putative APNs was carried using bioinformatics tools 225 (multi alignment, homology and conserved domain analyses). Further the mRNA expression 226 (transcript) was analyzed upon either continuous sub-lethal toxin exposure or in toxin tolerant 227 insect population using qRT-PCR with gene primers (Table 1) . For quantitative PCR 228 analysis, a 20 µl reaction was carried out using a SYBR Green Real-Time PCR Master Mix 229 (Thermo fisher Scientific, USA). Insect rS7 (KF984201) was used as an internal reference to 230 normalize the transcript expression levels (Chauhan et al., 2017) .The real-time expression 231 analysis was performed in triplicates. Relative expression of various genes was employing 232 method of Livak and Schmittgen (2001) . were prepared from control (G0) as well as Cry toxin-exposed larvae (G6) was done with 400 264 pmol of Cy3 and Cy5 dyes respectively as per the supplier's instructions. An equal amount of protein from all the twelve samples [G0 (6) + G6 (6)] were mixed for generating internal 266 standard, which was labelled with Cy2 and equally distributed to all. This facilitated in 267 generating accurate spot statistics between gels and increased the level of confidence. After 268 incubation in the dark for 30 min on ice, the dye quenching was achieved by addition of 10 269 mM L-lysine for 10-20 min in dark. Six biological replicates were used for this experiment; 270 dye swapping was done to minimize the artefacts generated by the dye components. was used for sense probe (negative). In vitro transcription of DNA template was carried out 293 using thermocycler followed by RNA probe synthesis using DIG RNA labelling kit using 294 manufactures protocol (Roche Diagnostics, Germany). DIG labelled mRNA was synthesized 295 and analysed using agarose gel electrophoresis and sequencing.
296
Cryotome cut midgut transverse section was fixed on the clean glass slide and washed with 297 PBST buffer. Then it was permeabilized using proteinase K (1 μg/ml) and fixed again with 298 4% PFA. After fixation the slides were incubated with 200 µl hybridization buffer (50% 299 formamide, 5X SSC, 1% SDS, 5 mM EDTA, 0.1% CHAPS, and 50 μg/mlheparin) for 1 h at 300 50°C. Laboratory prepared DIG labelled cRNA (added with 200 µl of hybridization buffer) 301 probe was used and heat denatured by incubating it for 5 min at 80°C.While incubating the 302 slides were covered with parafilm and kept in sterile incubator. After cRNA hybridisation, 303 the slides were washed using wash buffer (SSC, 50% formamide, 0.1% Tween 20), five times 304 for 5 min at 50°C. Each time SSC concentration was gradually decreased followed by The validation of the data was carried out using SEM (standard error of mean) using Three 319 biological replicates (n=3). It was also proceeds for homogeneity and normality tests. Sigma 320 Plot v12.3 software were used for the verification of Statistical significance between the 321 compared values. One-Way ANOVA was used for calculating the significance between the 322 tested groups. This was followed by Student-Newman-Keuls (SNK) test for pair wise 323 multiple analysis. For each set up experiment p-value was calculated. interacted with more than 5 gut membrane proteins. Among them the prominent interaction 331 was seen with ~110 kDa protein, with Cry1Ac (Fig 1, L3) as well as DOR Bt-1 toxins (Fig 1,   332 L4). Immunoblotting studies using APN antibody, revealed strong immuno cross reactivity 333 with ~110 kDa protein, suggesting that it was an APN (Fig 1, L6 ). Further the peptide 334 sequence "AQIVNDVFQFARS" obtained through MALDI-TOF/TOF analyses of this 335 protein band matched with the alanyl aminopeptidase of H. virescens with molecular weight 336 ~113 kDa (Gill et al., 1995) .
337
The presence of APN in inner apical brush border membrane of midgut epithelium was 338 visualized through immunofluorescence using APN antibody (Fig 2A, b) . Colocalization 339 studies showed presence of APN as well as Cry toxin(s) signal in inner brush border 340 membrane of midgut epithelial cells in close proximity (Fig 2B, Panel C) . The signal was 341 visible in the Cry1Ac (Fig 2B, c1) as well as DOR Bt-1 (Fig 2B, c2 ) toxin incubated sections 342 but not with BSA ( Fig 2B, c3) . These findings clearly suggested that the interactions were 343 specific and Cry toxins selectively bound to the brush border membrane proteins, where 344 APNs are known to be localized. Similarity between the isoforms was checked using Percent Identity Matrix (Clustal 2.1) and 358 the result revealed that the cloned isoforms had less than 37% sequence identity (S1b Fig) . Differential expression of APN isoforms in toxin exposed larval populations 367 In susceptible insect larvae, the qRT-PCR analyses revealed the down-regulation of all the 368 midgut APN isoforms in time-dependent manner from 12 to 72 h upon continuous exposure 369 to sub-lethal dosages of Cry toxin(s) (Fig 3) . Further, the isoforms were differentially 370 regulated and the expression of each isoform differed significantly from one another during 371 the various time points of Cry toxin exposure (Fig 3) .
372
The generation wise expression analyses, form 6 generation toxin-exposed insects revealed 373 that the expression of isoforms APN1, APN2, APN4 and APN 6 was up-regulated in G1, as 374 compared to control (G0) (Fig 4) . On the other hand expression of APN9 was low in G1 and 375 G2 generations and increased gradually from G3 to G6 and reached more or less at level of 376 G0. It is interesting to note that expression of APN 2 declined gradually from G2 and G3 and 377 remained at low level till G6. APN 6 also showed lower expression similar to APN2 up to G3 378 then it increased marginally from G4 to G6. However, high APN4 expression seen in G1 379 declined gradually up to G3 but increased significantly from G4 to G6 generation, where it 380 showed higher expression as compared to G0. The results presented above clearly showed 381 that in generation 6 (G6) there was a reduced expression of APN2, while expression of APN1 382 and APN6 was slightly higher. It is interesting to note that APN4 expression was 383 significantly high in G6, when compared with control generation G0 (Fig 4) . A comparison in 384 the expression profile showed down-regulation of APN2 and up-regulation of APN4 in 385 generation wise analyses (Fig 4f) . Table 2 ). The spot number 5 was further analysed through MALDI-TOF/TOF and 399 identified as aminopeptidase 2 (APN2) by comparing the theoretical values generated 400 through the same parameters used for protein identification through MS/MS analysis using 401 through Mascot MS/MS ion search online tool (www.matr ixscience.com) ( Fig 6) . 402 403 APN2 expression in Cry toxin exposed larval midgut epithelium 404 In situ hybridisation based APN2 transcript expression analysis in toxin exposed insects 405 (G6) was carried out. Presence of DIG labelled APN cRNA was confirmed in transverse 406 sections (Fig 7) . The study revealed localization of APN2 transcript primarily localized in 407 differentiated epithelial cells present towards lumen side. Decreased fluorescent visualized 408 for APN2 cRNA in toxin exposed (G6) larval midgut further confirmed declined APN2 409 mRNA expression (Fig 7) . Knight et al., 1995; Rajagopal et al., 2003; de Bortoli and Jurat-Fuentes, 2018; Sun et al., 419 2019), ALPs (McNall and Adang, 2003; Jurat-Fuentes and Adang, 2004; Ren et al., 2018) 420 and ABCC2 (Tanaka et al., 2013; Zhou et al., 2016; Nakaishi et al., 2018) where brush border membrane region was shown to interact and accumulate toxins in 435 intoxicated larvae (Bravo et al., 2007; Yi et al., 1996; Valaitis, 2011; Onofre et al., 2017) . 436 Reported molecular weights of APNs in different insects ranged between 100-150 kDa. (Nakanishi et al., 2002) . Further, the five isoforms cloned from larval 451 midgut of A. janata showed a maximum of 37% sequence identity with each other. Detailed 452 analyses confirmed that the identified isoforms were paralogs of each other and were 453 expressed by different genes of single cluster. Phylogenetic review also suggested that most 454 of the APNs were derived by gene duplication, from a recent common ancestor of 455 lepidopteran and dipteran gene (Hughes, 2014) . In addition, conserved domain analysis of the 456 identified sequences revealed that they belonged to M1 aminopeptidase N family with 457 ERAP1 [M1_APN_2 and ERAP1_C domain-containing protein], which were type2 integral 458 membrane proteases (Kola et al., 2016) . In silico analyses showed the presence of 459 transmembrane peptide at C-terminal end of APN1, APN2 and APN4, in addition APN1 and 460 APN4 showed signal peptide at N-terminal which was absent in APN2. On the other hand, 461 APN6 showed signal peptide at N-terminal but not the transmembrane peptide at C-terminal.
462
It was interesting to note that APN9 isoform cloned from larval midgut of A. janata lacked 463 both C-terminal as well as N-terminal signal sequences.
464
In local fields, for the management of A. janata, sprays of the Bt formulations are applied 465 with a gap of three days for the control of late 2nd or early 3rd instar larvae. The same 466 strategy was followed in the laboratory to generate Cry toxin exposed insects to analyze the 467 expression profile of APN isoforms. In a recent study, we have clearly demonstrated that 468 even at sublethal dosage, Cry toxin induced extensive cell death in larval midgut, promoted 469 mortality and caused defective metamorphosis (Chauhan et al., 2017) . In the present study 470 APN expression profiling was carried out in sublethal Cry toxin exposed larval populations 471 (generation wise analysis). It was interesting to note that continuous exposure of toxin for 72 472 h, caused a gradual decline in all APN isoforms and each isoform was differentially 473 regulated. On the other hand, the expression profile of APN isoforms from generation wise 474 analyses of toxin exposed larval populations (for 6 continuous generations) revealed the 475 declined expression of APN2 and inclined expression of APN4. These findings suggest that 476 upon Cry toxin exposure, larval midgut has ability to modulate the expression of APNs. showed that there was one protein spot which was slightly down-regulated; an analysis of this 482 protein spot using MALDI-MS/MS analysis confirmed it as APN2. In situ hybridization 483 studies confirmed lower expression of APN2 in toxin exposed sixth generation. Further for 484 6th generation of toxin exposed insects with respect to first generation and increase in LC50 485 value from 247.2 µg/ml to 298.47 µg/ml was also seen.
486
Along with above findings and the in silico analysis which revealed absence of signal peptide 487 in APN2 and presence of transmembrane domain once again suggested that APN2 in A. 488 janata is a membrane-bound aminopeptidase N. As Cry toxin interaction with receptor 489 protein is known to facilitate the pore formation leading to damage and cell death (Bravo et 490 al., 2004 : Soberon et al., 2009 . Reduced expression of APN2 seen in the present study might 
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Micrograph clearly shows that APN2 mRNA in G6 comparatively lower than G0. 
